ABSTRACT: LC8 dynein light chains (DYNLL) are conserved homodimeric eukaryotic hub proteins that participate in diverse cellular processes. Among the binding partners of DYNLL2, myosin 5a (myo5a) is a motor protein involved in cargo transport. Here we provide a profound characterization of the DYNLL2 binding motif of myo5a in free and DYNLL2 bound form by using NMR spectroscopy, Xray crystallography and molecular dynamics simulations. In the free form the DYNLL2 binding region, located in an intrinsically disordered domain of the myo5a tail, has a nascent helical character. The motif becomes structured and folds into a β-strand upon binding to DYNLL2. Despite all differences of the myo5a sequence from the consensus binding motif, it accommodates into the same DYNLL2 binding groove as all other partners do. Interestingly, while the core motif shows similar interaction pattern in the binding groove as seen inother complexes, the flanking residues make several additional contacts, thereby lengthening the binding motif. The N-terminal extension folds back and partially blocks the free edge of the β-sheet formed by the binding motif itself. The C-terminal extension contacts the dimer interface and interacts with symmetry related residues of the second myo5a peptide. The involvement of flanking residues of the core binding site of myo5a could modify the quaternary structure of the full-length myo5a and affect its biological functions. The presented structural data widen our understanding of the diverse partner recognition of DYNLL proteins and provide an example of a Janus-faced linear motif.
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The LC8 dynein light chains were originally described as the smallest subunit of the microtubuleassociated cytoplasmic dynein motor complex.They show a highly conserved amino acid sequence throughout evolution and they were later shown to bind to more than 70 other proteins involved in various biological processes, therefore they are now considered hub proteins (1, 2) .Vertebrates contain two closely related LC8 paralogs, DYNLL1 and DYNLL2 with partially overlapping functions (1) . Under physiological conditions LC8proteins arestable homodimers (3) .Atomic resolution structureswere determined both for the apo and ligand-bound form using X-ray crystallographyand NMR spectroscopy (4) (5) (6) . Five β-strands make up two core β-sheets; one sideof each sheet is flanked by two α-helices, and the otherside forms the dimer interface. The β3-strand of one subunit pairs to theβ2"-strandof the other subunitin an antiparallel mode; and the dimer is stabilized by interface contacts through hydrophobic interactions and side chain H-bonds. Two equivalent grooves are formed and they represent the target binding pockets of the dimer.
LC8 binding motifs are usually localized near coiled-coil or other dimerization domains in intrinsically disordered segmentsof theirinteracting proteins. Unstructured polypeptide regions are often involved in interactions that are mediated by sequential binding sitesknown as linear motifs (7, 8) 2 with a conserved glutamine in the arbitrary chosen coreposition 0 (9) . A few binding motifs differ considerably from the above consensus sequence; among them is myosin 5a in which position 0 is substituted by a methionine.
Myosin 5a (myo5a) is an intracellular motor protein involved in short-range vesicle transport along actin filaments playing various roles in different cell types (10, 11) . Its structureis divided into three main parts: (i)the N-terminal motor domain responsible for force generation and ATP hydrolysis; (ii)the long, helical neck domain stabilized by the binding of six light chains; (iii) the coiled-coil tail ending in two globular cargo binding domains (12) (Figure 1) .Within the long tail domain three coiled-coil segments, interrupted by flexible non-coiled-coil loops, are responsible for dimerization of the two heavy chains.
The primary transcript of the human MYO5A geneis processed by alternative splicing (13) . Three exons within the tail domain (B, D, and F) are expressed in a cell type-specific manner; the predominant melanocyte-and brain-specific isoforms contains exons D, F, and exon B, respectively (13) . The exon pattern of myo5a tail likely determines which cargo binds to the motor, because these sequences could serve as binding sites of adaptor proteins: exon D and F are necessary for the binding of Rab10 and melanophilin, respectively (14) , (15) . In a previous study, we identified the DYNLL2 binding motif of myo5a in a short sequence (Ile1280-Ile1294) situated between the medial and distal coiled-coils of the tail (16) . The three-residue-long alternatively expressed exon B within the binding motif was shown to be necessary for the interaction with DYNLL2. Binding of DYNLL2 stabilizes the flanking coiled-coil sequences (16, 17) . Detailed kinetic and thermodynamic characterization of this interaction using monoand dimeric myo5a fragments revealed that the dissociation constant is somewhat weaker than that of the canonical motifs(~1-5 M for a monomeric peptide) andbivalency of the ligand leads to pronounced avidity (18) .
LC8 proteinsare subunits not only of the dynein (19) , but also of the myo5a motor complex (20) , and they are known binding partners of several proteins transported by these motors (e.g. nNOS (21, 22) , Pak1 (23) (24) (25) , Bmf (26) , Bim (27) , Bassoon (28), GKAP (29) , and viral proteins (30, 31) ), it was hypothesized that DYNLL may provide direct physical linkage between the motor and the cargos (26, 28, 29) . However, as the majority of the binding partners (including the motors) are dimeric, and therefore they are bivalent ligands of LC8 and the formation of highly stable dimer-to-dimer complexes is preferred (18) . Therefore, the validity of the original cargo adaptor hypothesis is questioned.
Here we extend our previous studies (16) and extensively characterize the DYNLL2 binding motif of myo5a and its complex with DYNLL2. NMR experiments show that the 23-residue-long DYNLL2-binding region of myo5a is unstructured with a nascent α-helical element in theapo form whichundergoes a disorder-to-order transitionand folds into a β-sheet upon complex formation. Our results suggest that the interacting surface in the DYNLL2-myo5a peptide complex is more extended compared to other LC8-partner complexes. NMR results were supported by molecular dynamics simulations performed on the free peptide and on the complex. Working with a shorter (14residues) myo5a peptide, we solved the crystal structure of the DYNLL2 complex at 1.85Å resolution. The structure explains the role of the M 0 instead of the canonical Q 0 residue in the consensus binding sequence. Jupiter 300 C18 (300 Å 10x250 mm) column (Phenomenex, Torrance, USA). Elution was performed using agradient (0% to 100%; 1%/min) of 0.1% TFA/acetonitrile. Fractions containing the peptide were pooled and lyophilized. The mass of the lyophilized powder was determined by direct measurement, and it was used later for concentration calculations. The identity and purity of the peptides were confirmed by mass spectrometry.
MATERIALS AND METHODS

Cloning
NMR measurements. NMR spectra were collected on a Bruker Avance II 500 spectrometer operating at 500. Table S1 .
The structure was solved by molecular replacement using the program PHASER (37) of CCP4 6.1.2
Program Suite (38) .The structure of the PDB entry 1CMI was used as search model. After rigid body and restrained refinement with refmac5 (39), automated model building was carried out with Arp/wArp (40) . calculations. To gain information on the conformational dynamics, the peptide molecules were calculated both in unbound and in protein-bound forms using the GROMACS MD software (42) . The starting geometry of DYNLL2homodimer and the core (Q -8 -S 3 ) region of the two identical peptides and water molecules residing at the molecular surfaces were extracted from the crystallographic structure determined in the present study. The missing, terminal regions of the peptide were modeled using the TINKER program package (43) and some text editing settingto all- backbone conformation. In this way, the terminal parts of the bound peptide were directed towards the bulk avoiding biased initial interactions with the protein partner. The AMBER03 (44) force field was applied along with neutralizing counter-ions and numerous TIP3P explicit water molecules (45)filling 9 Å spacing between the protein parts and the simulation box edges. The systems were refined with steepest descent and BFGSmolecular mechanics energy minimizations. The refined systems were subjected to 800-ns-MD simulations. A time step of 2 fs, constant temperature of 300 K, and LINCS bond constraints were applied. Temperature coupling was carried out using the v-rescale scheme. Long-range electrostatics was calculated using the particle-mesh
Ewald method, and a van der Waals cutoff of 9 Å was used. Neighbor lists wereupdated every 10 fs. The resulting trajectory files were analyzed with programs of the GROMACS package and the DSSP program (46) . Structural figures and movies were prepared using the PyMol program (47) .
RESULTS
Selection of an extended DYNLL2 binding region of the myo5a heavy chain. We analyzed the sequence of myo5a by coiled-coil (COILS) (48), disorder (IUPred) (49, 50) , and disordered binding motif (ANCHOR) (51, 52) predicting algorithms. The tail region (V915-V1855) begins just after the last IQ motif of the neck. As it was expected, COILS predicted three main coiled-coil regions in the tail: the proximal (V915-V1105), the medial (D1151-A1234) and the distal (V1338-G1446 in isoform 1
containing exons B and D); I1313-G1419 in isoform 2 corresponding to the predominant brain-specific splice form; I1313-G1471 in isoform 3 corresponding to the predominant melanocyte-specific splice form) coiled-coils.
The medial coiled-coil is disrupted by a proline residue (P1194; Figure 1 ). Similarly, two adjacent prolines disrupt the distal coiled-coil (P1392, P1393 in isoform 1 and 3; P1365, P1366 in isoform 2).
Interestingly, these disruptions are almost exactly in the center of their respective coiled-coil regions to the average random coil value, resulting in signal overlap for several residues, as seen on Figure 3A .
15 N edited NOESY spectra showed only sequential connectivities, which is clear evidence for lack of secondary structural elements under the given experimental conditions. Secondary chemical shifts (SCS)
were calculated using temperature and sequence corrected random coil chemical shift values (53, 54) . Our results suggest that the relaxation of the I -9 -T -1 region is not influenced, or it is the least influenced by the segmental motions of the backbone atoms (ps-ns scale). On the basis of these relaxation parameters the reduced spectral density mapping analysis allows a more direct evaluation of the relative degree of motion at ω N , 0.87ω H and zero frequencies ( 0 = 0 2). Restricted motions towards the μs time scale are indicated by larger J(0) values, as observed for the K -6 -N -2 region with local maximum at N -2 , while all other residues fall in the vicinity of the single motion limit curve (Figure 2D ), indicating higher backbone flexibility. The overall conclusion of the NMR relaxation data is that free M L is rather flexible and has a quite unstructured backbone, however, a weak, but noticeable helical tendency is detected in the central region accommodating the core recognition motif D -4 -T 1 . We cannot directly extend this conclusion to the full length myosin 5a heavy chain, however, these results suggest that the connecting region between the medial and distal coiled-coil domain is mostly unstructured with some propensity to fold into an α-helix around D -4 -T 1 .
Complex formation of the extended myo5a peptide with DYNLL2
Chemical shift mapping.Successive addition of unlabeled DYNLL2 to the 13 extensions, because the quality of the electron density map was poor at the N-terminus of the M S in the crystal complex, and any attempts to crystallize DYNLL2 with M L were unsuccessful. MD is also the best suited method to study the role of water molecules mediating the interaction between myo5a and DYNLL2.
During MD, the unbound M L quickly lost its bound (partially β-sheet) geometry observed in the crystal structure and used as an initial structure for the calculation. After the first 250 ns of the MD simulation, a bendturnα-helix conformational transition of the D -4 -T 1 sequence was observed. After 350 ns, the -helical secondary structure is stabilized for the terminal 450 ns of the trajectory (Figure 6 and Movie S1). Remarkably, the stabilization of the -helical structure for the D -4 -T 1 core region is in accordance with our NMR spectroscopic analysis, namely, that this region has a propensity to fold into an α-helix.
As mentioned above the D -4 -T 1 region of the peptide is in an antiparallel β-sheet arrangement in the crystal structure of the DYNLL2-M S complex. The MD calculation of the complex also confirms this finding and emphasizes that the β-sheet is especially stable at the N -2 -M 0 core residues, where both copies of the peptide remained tightly H-bound during the entire simulation time (Figure 6 and Figure S3 ). For the second copy (chain D) this region extends to the entire P -7 -M 0 region whereas for the first copy (chain B) the appearance of the native-like unbound secondary structure can be observed at the P -7 -N -2 region .
However, this reduction of the antiparallel -region does not lead to the dissociation of the peptide.The N-and C-terminal parts of the bound peptide do not remain in the extended all-β conformation set as initial conformation (see Methods). Both termini quickly bend over the neighboring parts of the protein (Movie S2) and occasionally adopt helical and -turn conformations during the MD calculations ( Figure   6 and Figure S3 ).
DISCUSSION
The unstructured DYNLL2 binding motif of myosin 5a shows a weak helical tendency and folds into a β-sheet upon interaction with DYNLL2. In solution the free M L shows a very dynamic and highly unstructured nature with a tendency to adopt helices (cca. 10% helicity detected)as (64, 65) . The IC84-143 segment contains the highly conserved "TQT box" and binding to LC8 caused broadening below detection limit of the peaks belonging to the residues involved in binding; a similar broadening effect that was observed for M L , while the peaks of the residues outside the binding sequence remained unperturbed and maintained the disorder state outside the binding region. On the contrary here we show not only the partial folding of the unbound M L , but also the structural transition into a β-sheet upon interaction with DYNLL2, an example of structural plasticity in a short linear motif (Figure 7) .Previously we have shown by kinetic studies that the binding of DYNLL isoforms to their various partners can be best described by a conformational selection model (18) . The region of the free myo5a peptide contains an inherent α-helix that should be in the unfolded state in order to fit into the binding groove of DYNLL2; this finding is consistent with a conformational selection mechanism for the formation of DYNLL complexes. to 9C α-carbon atoms of DYNLL (4) the affinity is weaker (9 μM)(18).
Thr and Ile are the most common residues in position 1 of the motifs (9) . They are all accommodated into the deepest pocket formed by Y75, F73, F62, L84 and S64 residues of the binding groove ( Figure   8F ). Interestingly, all crystal structures with bound peptides having a Thr in this position reveal the same interaction pattern including the deeply wedged water molecule and the hydrogen bond network connecting DYNLL and T -1 via this water ( Figure 5D ). This is in good agreement with our conclusions based on the crystal structure of DYNLL2-M S complex and with the results of MD simulations presented
here. The contacts of the T -1 side chain were detected also by STD NMR experiments. Binding of the bulkier side chain of I -1 in other structures seems to restrict any water molecule to remain in this pocket, most probably by simply limiting the space available for the water. Loss of the hydrogen bond network provided by this water is probably compensated by the favorable entropic effect related to the burial of more hydrophobic surfaces. This is in good agreement with our previous results showing that the entropic contribution is the highest in the case of the nNOS peptide compared to other partners (18) .
Position 2 shows no obvious amino acid preference. However, in vitro evolution showed some preference for the bulky, aromatic side chain of Trp in this position (9) . Based on our structural comparison, the binding pocket seems to be shallow and relatively permissive here. Side chains in this position face mostly towards the solvent and make only a few contacts with DYNLL. Myo5a seems to be a special case according to the importance of position 2. As shown above, the side-chain of N -2 is within hydrogen bonding distance with the backbone carbonyl groups of K36 and S64 residues of DYNLL.
Moreover, the carbonyl oxygen of N -2 makes a hydrogen bond with the amino group of K36 ( Figure 5D ).
As M 0 of myo5a is suboptimal residue one would expect a compensatory mechanism with positive contribution to the binding strength at another site. The observed interactions of N -2 may represent this expected mechanism.
DYNLL2 binding and folding of the myosin 5a tail. Cargo binding of myo5a has been shown to be regulated by proteolysis, phosphorylationand Ca 2+ -binding (67) . At low levels of Ca 2+ and in the absence of cargos the motor adopts a closed, triangle-like conformation. In the inactive conformation the heads fold back and directly interact with the globular tail domains (GTD) (67) . However, if all the coiled-coil domains and the inter-coiled-coil regions were in an extended conformation, the length of the neck domains would not allow the heads to reach the GTDs. Indeed, the GTDs were shown to interact with the C-terminal part of the proximal coiled-coil region, and this interaction was proved to be necessary for the binding of the heads in the inactive conformation (68) . It is obvious that the direction of the myosin 5a heavy chains must be totally reversed in this conformation to allow the GTDs to reach the proximal coiled-coil. The tail reversal most likely occurs in a non-coiled-coil region harboring the binding motif of DYNLL2 flanked by the medial and distal coiled-coils. Theoretically, the GTDs can fold back in a symmetric or in an asymmetric fashion. Detailed analysis of pictures obtained by electron microscopy indicates that the rotational symmetry of the dimeric myosin molecule is not preserved in the inactive conformation (69) . This strongly supports the second model. If we suppose thatthe medial and distal coiled-coils remain intact and they are roughly equal in length, than the inter-coiled-coil region with the DYNLL2 binding site seems to be the only probable "breakpoint" in the inactive conformation in the myo5a tail (Figure 9) . The resulting asymmetry must influence the conformation of the whole myo5a molecule (at least in the inactive state), because each GTD is oriented differently relative to the proximal coiled-coil.
In this work we have shown by X-ray crystallography, NMR spectroscopy and MD simulations that the unstructured fragment of myo5a tail corresponding to the DYNLL2 binding site and flanking sequences tends to fold upon the binding of the tail light chain. As it was revealed by our crystal structure, the N-terminal extension (Q -8 -P -7 -K -6 ) tends to fold back and interact with the free β-edge of the bound sequence itself. STD NMR measurements and MD simulations also showed this tendency. These findings are in good agreement with our theoretical considerations: not only the position relative to the medial and distal coiled-coils, but also the inherent malleability of the unstructured DYNLL2 binding site makes this sequence to the most probable site of chain reversal in the myo5a tail ( Figure 9 )and binding of DYNLL2 might be important role in stabilizing the reversed conformation. Nevertheless, one should keep in mind that the tail light chain could be involved in the regulation only of the myosin 5a isoforms that contain the exon B coded sequence, e.g. in the neuronal-specific isoform. To our knowledge there was only one report addressing the role of the tail light chain in regulation of myo5a (70) . The authors 
CONCLUSION
In this work we found that the DYNLL recognition motif of the myosin 5a motor protein, despite deviations from the consensus motif, accommodates into the same binding groove of this eukaryotic hub protein as do all its other partners. Moreover the binding motif is extended towards both termini compared to the core consensus sequence. The binding motif of the "tail light chain" (DYNLL2) of myosin 5a is embedded in an intrinsically disordered segment of the tail, between the medial and distal coiled coil domains. Interestingly, the DYNLL recognition segment has a nascent helical tendency in the free form and undergoes an -helix to β-chain transition (apparently via a random coil state) upon complex formation, i.e. it is a sequence within the myosin 5a tail that shows high malleability, a general feature of linear motifs and molecular recognition elements in IDPs (75) . Finally, we suggest that the bound DYNLL could be involved in the stabilization of the folded off state of myosin 5a isoforms (e.g. in brain cells) that contain the exon B coded sequence.
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